The confinement of intense charged-particle beams is an important subject in beam physics [1] and plasma physics [2] . It is critical to the research and development of highintensity rf and induction linacs and high-intensity storage rings for high-energy and nuclear physics research, spallation neutron sources, and heavy ion fusion [3] . The confinement of intense electron beams is also important to the development of highpower microwave (HPM) sources [4] , such as klystrons, traveling wave tubes and backward wave oscillators. One of the main challenges for successful operation of these devices at high-intensities, which is related to beam confinement, is the prevention of beam ha lo formation [5, 6] and beam loss. Recently, beam losses have been measured in a number of high-intensity accelerator and high-power microwave experiments. For example, beam power losses have been observed in several periodic permanent magnet (PPM) focusing klystrons [7] at the Stanford Linear Accelerator Center and in other HPM sources elsewhere [8] . Beam loss has also been attributed to be a limiting factor in the proton storage ring (PSR) [9] at Los Alamos and in the relativistic heavy ion collider (RHIC) [10] at Brookhaven. While the physics of confining continuous charged beams has been studied extensively in plasma physics [2] and vacuum electronics [4] , the confinement properties of bunched beams, like those used in the SLAC PPM klystrons and other high-intensity rf accelerators, have only had modest investigation [11] [12] [13] .
In this Letter, we show the existence of a theoretical space-charge limit for confining bunched electron beams in high-power PPM focusing klystrons. High-power klystron amplifiers are ideal devices for studying the three-dimensional effects of beam-wall interactions on the confinement of bunched beams, since high-intensity beam bunches must travel a relatively long distance through a conducting drift tube whose radius must be small enough to prevent second harmonic propagation. The present self-field parameter limit is an extension of, but is well below, the well-known Brillouin density limit [2, 14] 
= being the wave number and angular frequency, the Hamiltonian for this system is given in the laboratory frame by
, (1) where Ne Q − = is the total charge of an electron bunch,
is the total mass of the electron bunch, N is the number of electrons per bunch, e − and e m are the electron charge and rest mass, respectively, P is the canonical momentum of the electron bunch, 
Here,
is the rest-frame bunch spacing, ( )
, and ( )
are the l th-order modified Bessel functions of the first and second kind, respectively. Using the Lorentz transformation, we find that
In the analysis of the radial confinement of the orbit of an electron bunch, we perform the canonical transformation 
where ( ) ( ) for an electron bunch deeply trapped in the rf wave field.
The longitudinal dynamics described by || H ′ in Eq. (4) is readily determined. In particular, the bounce frequenc y is ( )
for an electron bunch deeply trapped in the rf wave field at
, where n is an integer. Typically, the bounce frequency is comparable to the operating rf frequency. 
where Nef I b = is the average current in the klystron (in amperes), 
We note that the left-hand side of Eq. (9) is equal to the self-field 
is the effective plasma frequency squared. This self-field parameter limit is similar to a limit that the authors computed for a uniform-focusing magnetic field, z extB e B = [13] . The only difference is that the rms magnetic field on the left-hand side of Eq. (9) should be replaced by B . Figure 2 shows a plot of the right-hand side of Eq. (9) versus the parameter α .
In the limit where the bunch spacing is small compared to the pipe radius, i. 
≤
, which is much less than the Brillouin density limit.
We now apply the beam confinement condition in Eq. (9) to three recent PPM focusing klystron experiments at SLAC, namely, the X-band 50 MW XL-PPM and 75
MW XP klystrons [7, 15] and the W-band Klystrino [16] . The parameters for all three klystrons are listed in Table 1 , and their operating points are marked with letter a, b and c in Fig. 2 , respectively. The X -band klystrons were designed and tested for the NLC, whereas the W-band klystrino was designed f or sub-millimeter radar applications. As shown in Fig. 2 and Table 1 , all three klystrons operate in the regime of 1 << α and near the self-field parameter limit. Because the 50 MW klystron operates slightly below the confinement limit, a mild beam loss still occurs in this device [7] through beam halo formation as reported previously [6, 17] . The 75-MW XP is operating outside of the confinement limit. This suggests that the 75 MW klystron has greater beam loss than its 50 MW counterpart, which is consistent with more pronounced X-ray emissions measured at the output section of the device [15] . The Klystrino design parameters fall just inside of the theoretical limit, suggesting a marginally stable beam-wall interaction.
To summarize, we presented a center-of-mass model for a tightly bunched electron beam in a periodic permanent magnet (PPM) focusing klystron. By analyzing the Hamiltonian dynamics of a train of collinear periodic point charges interacting with a conducting drift tube, an rf field, and an applied PPM focusing field, we derived a spacecharge limit for the radial confinement of lightly bunched electron beams, which is significantly below the well-known Brillouin density limit for a continuous beam. We found that several state-of-the-art PPM klystrons developed at SLAC operate close to this limit, thereby shedding some light on the origin of observed beam losses. A further study of PPM confinement, which includes multi-particle simulations in each bunch, is needed to make a more accurate estimate on the amount of beam loss in klystrons. 
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